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INVESTIGATION OF Ce3* DOPANT IN APPROPRIATE

HOSTS FOR BLUE-GREEN LASERS

1.0 Introduction

Underwater communication can be achieved with solid state
laser sources in the blue-green spectral region. The wave length
of most interest for these laser sources should be centered at -
480 nm. Therefore, crystals exhibiting blue-green luminescence
are of considerable interest as solid state lasers.
Ce3+:Y3A15012 (YAG) exhibits a broad luminescence centered around
520 nml:2 based upon the Ce3* d » f luminescent transitionS.
This emission in Ce3*:YAG is at too low energy and, therefore,
4

precludes laser action The Ce3* in YAG occupies the center of

the cube of oxygen ions. 1In lattices such as ScBO3 where ce3* is
in octaheatal coordination with oxygen ions, the emission 1is
typically observed at wavelengths less than 420 nm? . These

symmetry-sensitive luminescence spectra are in keeping with the
crystal field theory.

Based on the above considerations, luminescence was expected

3+

from Ce centered at approximately 480 nm when the host lattice

3+

incorporated Ce in a cubic symmetry with the oxygen in 8-fold

coordination. In view of this, it was desirable to develop an

3+ as the

appropriate host lattice for a blue-green laser using Ce
dopant.

The perovskite system appears to be an appropriéte choice as
an oxide host lattice. In this system LaAlO3 appears to be an
appropriate choice because of its large band gap, strong crystal
field, and high thermal conductivity. However, the phase

transition5

at 435°C has presented considerable problems in
trying to grow it in single crystal form. Therefore, additions
to LaAlO3 have to be made so as to suppress the phase transitions

and, therefore, be able to grow single crystals. Some indication

...... . . rince
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of blue-green luminescence 1in ce3t doped La(Al,Sc)03 has been
observed6; however, this sample was not well characterized.
During initial stages of the present program, efforts were
made to study the feasibility of Ce3+:La(A1,Sc)O3 crystal growth
by the Heat Exchanger Method (HEM™). After initial experiments,
emphasis was placed on evaluating different materials which could
be used as hosts for Ce3*t. A number of different hosts were
formed which showed luminescence at wave lengths other than 480
nm or showed non-cubic symmetry so that large crystals could not
be grown. Some of the compositions were identified which showed
cubic symmetry. However, large single crystals could mnot be
grown because of very stringent requirements for crystal growth,
such as high temperatures of approximately 2200°C, high pressure
to prevent volatilization and mneutral/reducing atmosphere to
retain Ce3%, etc. Even though solid state laser crystals which

show luminescence in the blue-green spectral region were not

grown, a number of materials were identified which could be grown

in single crystal form for laser applications.




N

ey

E

RN

%t% 0 Heat Exchanger Method (HEM™

3 The Heat Exchanger Method (HEM) is being used for commercial
ﬁf& production of sapphire and silicon cryst:als7'8 and has been

. adapted for the growth of a number of solid state laser
Qé; crystalsg'10 The salient features of the process are shown in

Figure 1. The crucible with the seed positioned at the bottom is
?;f loaded with charge and placed on top of the heat exchanger.
; E} After evacuation, heat is supplied by the graphite heater and the
gjﬁ charge is melted. The seed is prevented from melting by forcing

gaseous helium through the heat exchanger.
?ﬁx After sufficient meltback of the seed is achieved, growth is
}}é: started by increasing the flow of helium and thereby decreasing
! n the heat exchanger temperature. The liquid temperature gradients
* are controlled by the furnace temperature while the temperature
; ;‘ gradient in the solid 1is controlled by the heat exchanger
&Vﬁ temperature. Crystal growth is achieved by controlling the heat
%&J input as well as the heat extraction. After solidification is

complete, the gas flow through the heat exchanger is decreased to
;;i equilibrate the temperature throughout the crystal during the
:*2% annealing and cooldown stage.

:ﬁ HEM is the only crystal growth process in which independent
l, liquid and solid temperature gradients are achieved without
‘EE: movement of the crucible, heat =zone or crystal. After the
52% crystal is grown, it is still in the heat zone and can be cooled
;;j at a controlled rate to relieve solidification stressec. This

unique capability allowed the growth of sapphire up to 32 cm
‘{ﬁ: diameter and weighing about 50 kg without cracking due to thermal
a&: stresses associated with such large sizes.
::E A distinguishing feature of the HEM, as compared with
Czochralski (Cz) or top-seeded processes, 1is that the solid-
.Sj{ liquid interface is submerged beneath the surface and is
%ﬁi surrounded by the melt. Under these conditions the thermal and
.5?} mechanical perturbations are damped out by the surrounding molten
o mass before they reach interface. This results in uniform
‘g
b 3
%;?
)
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temperature gradients at the interface; consequently, neither the

oot
2
2t 2"

crystal nor the crucible is rotated. In the Cz process growth

‘:;-,4. P‘-

occurs at the melt surface where the 1local gradients vary

“'x sufficiently to —cause solidification and remelting of the
%ﬁi crystal- These features of HEM produce uniform growth and the
ah; only sapphire which is free of light scatter.

. In the HEM growth, after the «c¢rystal is grown, the
#K temperature of the furnace is reduced to just below the
ﬁﬁ solidification temperature and the helium flow is reduced at a
tw? desired rate. The whole crystal can therefore be brought to high

temperatures to anneal the solidification stresses and 1is then

iﬁg cooled wuniformly at the <controlled rate. Because in situ i
’;E; annealing is part of the solidification cycle, HEM can reduce the
:$¢ defect density. Further, the last and most impure material to
- solidify is along the crucible walls, where it can be removed.
fﬁj In the case of sapphire and silicon, it was demonstrated
vfﬁf that once c¢rystal growth parameters are established, large
?* crystals can be grown.

The hEM 1is currently being adapted for the growth of
Ti:Al703, Gd3ScpAl307o (GSAG), GaAs, CdTe, Co:MgF,, aluminum
oxynitride (ALON) and BaFj; crystals.

From an economic point of view, HEM is a low-cost process.
The furnace is automated and well insulated, which results in low

- labor and low energy costs.

"
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. 3.0 Experimental Results

ﬁ&i The objective of the program was to develop an appropriate
) host lattice for the Ce3* dopant ion in order to produce blue-
ﬂ?j green luminescence which could be wutilized for communication
%ﬁ: throcugh sea water. During the initial stages of the program,
Qg: emphasis was placed on perovskite oxides.

Simple perovskites can be identified as ABOj type compounds.

;ﬁ& LaAlO3 appeared to be an appropriate choice because of its
;%ﬁ desirable properties. The phase transition at 435°C presented
Q'S. problems in growing this material in single «crystal form.
. Suitable ions were substituted for Al in the B site in order to
”i - suppress the phase transition. In later stages, substitutions
’;x were also made for La in the A site. While these substitutions

T were made with trivalent ions, it was observed that the dopant Ce
ion could easily go 1into tetravalent state because of non-
stoichiometry of the oxygen sites. Substitutions were also made

with divalent ions in the A site and tetravalent ions in the B

site. Toward the end of the experimental phase, host lattices

other than the perovskite, such as garnets, A35i0g type compounds

- " ‘S . -
S and fluoride systems, were also evaluated. The details of the
o
'iﬂ: experiments carried out during the experimental stage are
-, "q'..
}m described in Table 1I. Samples were provided to the Office of
A¥al
) Naval Research and the fluorescence data was obtained at the
Ot . .
' Naval Research Laboratory. The discussion for each system
e
}}Q. evaluated is written below.
boo
A
- 3.1 Ce3+;La(A1,Sc)O3 as Host Lattice
W .
N
oy 3.1.1 Choice of This Svystem
CC
T~ : : . - .
iﬂ Rare earths have found their widest application in
L%
optically-pumped solid-state lasers. Of the approximately 200
A
SQ. crystalline lasers reported, all are based wupon rare earths
DU except for a few iron group ions and one actinide ion.
~ON
u:\ Ce3* has been shown> to exhibit 5d - 4f luminescent
_ transition and therefore has potential for a solid state blue-
o °
S
,:.r
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:2 green laser. The host material should have a large energy gap to

3? lower-lying 4f states in order to prevent parasitic excited state l

i absorption processes in the host conduction band. It |is

ﬁﬁ important to maintain Ce in trivalent state; the Ce%* gives

:; absorption. An oxide host lattice is desirable because of high

:f thermal conductivity and strong crystal field. LaAlOj3 appears to

Q be an appropriate choice as both La and Al are in trivalent

&, state,

h: The perovskite LaAlO3 has a rhombohedral structurell at room :
temperature. This materjial is in the R3m space group with
lattice parameters a. =5.357A and a =60° 06’'. The deviation from

. cubic symmetry is exhibited by the rhombohedral angle, «; for o

{; =60° the material would show cubic symmetrylz. LaAlO;

Aj transforms® to the cubic structure above 435°C. If 1large
crystals of LaAl03 are grown, they are expected to exhibit

 { cracking during the cooldown stage through this phase

La transformation. Suitable substitutions are, therefore, necessary

a: in the Al sites to expand the lattice such that a cubic structure

i is formed. A review of the ionic radii of trivalent rate earth

21 ions13,15 shows that with the exception of the wvalue for

N scandium, these ionic radii are quite large and, in fact, are

% among the largest values for any trivalent ions. Therefore,

. scandium ions could be substituted in the Al sites of LaAlO3. 1In

; fact, LaScO3; has been reported in literaturels. The ionic sizes

of Sc3+ and Al3+ are 0.83 and 0.57A, respectively; Sc3+

2 Al

substitution, therefore, would expand the LaAlO3 lattice and tend

towards cubic symmetry.

Eﬁ Ternary phase diagrams for Lajy03-Alj03-Scy03 are not known.
N However, binary phase diagrams exist. From the Laj03-A1903 phase
y diagram17 (Figure 2) it can be seen that LaAlO3 melts congruently
at 2100°C. The Scy03-A1l703 phase diagram18 (Figure 3) shows that
'F at about 20 mole % Sc903, a single phase solid solution phase is
?E formed and the formation of a-Al17,03 is prevented. The range of
t this solid solution phase is - 18 to 35 mole % Scp03 at 1600 °C.
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From theoretical considerations, therefore, it appears that
La(Al,Sc)03 crystals can be grown with a cubic structure. This
material can then be used as a laser host material for Ce dopant
ions. Trivalent Ce will substitute for La sites and compounds
CeAlO3 and CeScO3 are reported in literaturel9.20 The amount of
Ce substitution necessary for lasing action is expected to be
about 0.02%.

Initial work sponsored by the Office of Naval Research was
an attempt at growing a crystal of La(Alg.gScg 2)03 doped with
0.01l% Ce. During one experiment a small amount of the charge was
fused in an iridium crucible. The experiment was aborted because
of melting of the crucible. Optical spectra taken of the fused
sample was characteristic of a cubic phase. The sample was
rather inhomogeneous; however, it demonstrated that a cubic phase
is formed in the La(Al,Sc)03 system and spectra show encouraging

results for laser properties6.

3.1.2 Crystal Gr.wth of 1a(Al,Sc)0O3 by HEM

Initial work was carried out to evaluate the appropriate

crucible and the atmosphere to be used for a La(Al,Sc)03 system.
Since the ternary phase diagram is not known for this system, it

is difficult to predict the various phases that can be formed in

this system. It is essential to retain the dopant, Ce, in the
trivalent state. Therefore, it is necessary to maintain a non-
oxidizing atmosphere. Early work carried out under vacuum showed

that the volatility of the phases formed resulted in a
considerable loss of meltstock by evaporation. Further
experiments were, therefore, under an argon atmosphere.

A molybdenum crucible was used which showed some reactivity
with the charge at high temperatures. When molybdenum crucibles
are used in vacuum, the volatile MoO3 is removed; under argon
atmosphere, this oxide is retained in the furnace chamber.
Tungsten crucibles were found to be satisfactory.

Once the <c¢rucible and atmosphere were established, an

attempt was made to grow LaAlOj3 crystals. The Laj03-A1,03 phase

14
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diagram is shown in Figure 2. No problems were encountered and a
few mm size crystals were obtained. An x-ray diffraction pattern
of crystals from Experiment #4 was taken and the pattern showed
rhombohedral symmetry and could be indexed on the basis of
hexagonal cell size of a=5.34 A c=13.10A. The observed and
calculated 'd’ values are shown in Table II. This data compares
well with the published valuesll,21l for LaAloOj,. An IRD-Guinier
x-ray pattern was taken at Brookhaven National Laboratory and the
pattern showed rhombohedral distortion of a cubic cell size of
3.8A.

Experiments were carried out with a charge corresponding to
La(Algp gScp 2)03. A molybdenum crucible was used and the 1lid on
the crucible was held down with a weight placed on top of the
cover. The material was taken up to 2120°C and slowly cooled.
X-ray analysis of this data showed a two-phase structure for a
sample from Experiment #3. Both the phases were rhombohedral
distortion of the perovskite structure with lattice parameters of
3.86 A and 3.59 A, respectively. This data shows that the
perovskite cell size has been enlarged from 3.8 A with the
substitution of Sc ions for the Al ions.

Another experiment was carried out with La(A10_85c0'2)03
charge composition. This time no cover was placed on the
tungsten crucible. The resultant material (#5W) showed a single-
phase, rhombohedral symmetry with perovskite cell size of 3.83 A.
The Laue pattern showed the single crystal nature of the
material.

Since the phase diagram of the ternary system Laj03-Al;073-
Sc903 1is not known, it is postulated that for the composition
La(Alp gScg 2)03 two phases are formed. One of these phases is
more volatile and during heating in the crucible without cover
this phase volatilizes resulting in single-phase material. When
a cover is placed on the crucible volatilization is minimized and
two phases are formed. A review of the Al1,7,03-Scy03 binary phase
diagram (Figure 2) shows that for 20 mole percent Scy03

substitution, a single phase is formed at high temperature;
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DN TABLE II. Observed and calculated 'd' values of an x-ray diffraction
b pattern of LaAlO3 based on hexagonal cell size of

whe a=5.34 A, ¢=13,10 A

Al 'd' wvalues
AT hkl
Observed Calculated
.;:"..:I

! 3.79 3.78 012
R 2.67 2.67 110
§§ ' 2.28 2.28 021
g"s 2.18 2.18 006
i

& 1.89 1.89 024
o 1.73 1.73 211
o 1.69 1.69 122,116
5>t' 1.54 1.54 300,214,018
. 1.339 1.336 208
t ”‘ 1.339 1.335 220
R

éﬁ 1.260 1.260 306
D%
s 1.190 1.195 128
3 1.190 1.194 134
oo 1.140 1.140 0210,226,402
! 10
b 1.090 1.092 0012
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however, a two-phase region exists at lower temperatures.

It was decided to pursue two approaches: first, to attempt
solidification from a 1lower temperature with La(Alg gScqp . 2)03
composition to minimize volatilization; and second, to evaluate
La(Alg 7Scqp. 3)03 composition.

An experiment was carried out in which La(Alg gScqg 9)03
composition was heated to the 2020°C to 2040°C temperature range,
held for about 36 hours and then cooled. No significant weight
loss was observed and the boule (#8) after removal from the
crucible is shown in Figure 4. Large crystallites are seen on
the tcp surface. X-ray analysis of the ingot showed that it was
not of rhombohedral symmetry, as was the case with other samples.
The x-ray data could be indexed as a single-phase, orthorhombic
structure with cell parameters a=5.08, b=5.65 and c=7.72 A. A
comparison of the observed and calculated d values is shown in
Table III. The difference between the a and b lattice parameters
appears large; the symmetry could be monoclinic. The perovskite
unit cell is about 3.84 A.

The material solidified under similar conditions in
Experiment #10 using La(Alg 7Scqg 3)03 showed a two-phase
structure.

Work with the La(Al,Sc)O3 system showed that, depending upon
the composition as well as the experimental conditions, the
symmetry was changed from rhombohedral to orthorhombic or
monoclinic. During the stage when emphasis was placed on heating
the material to well over 2100°C, significant weight loss was
associated with each experiment. Once it was determined that
with Sc substitutions the melting point of the compound was lower
than the LaAlO3, most of the experiments were carried out under
low superheat conditions. Some of the compounds were analyzed
after solid state synthesis to minimize volatilization from the
melt. In Experiment #12, compounds of La(Al]_4Scy)03 with x=0.2,
0.3 and 0.5 were heated to about 1700°C and cooled. X-ray
diffraction data showed two phases for all the three compounds;

one phase was closer to LaA103 lattice parameter (~ 3.8 A) and
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‘s Figure 4, A view of an ingot of La(Al )0

Sc
after HEM solidifcation 0.8°70.2
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pattern of La(Al
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TABLE III. Observed and calculated 'd' values of an x-ray diffraction

0. 8 O 2)O3 based on orthorhombic cell size of

a=5,08, b=5.65, c=7.72 A

'd "' wvalues

hkl

Observed Calculated
5.68 5.08 100
5.68 5.65 010
3.88 3.86 002
3.88 3.78 110
3.26 3.39 111
3.18 3.19 012
3.18 3.07 102
2.83 2.83 020
2.73 2.70 112
2.46 2.47 120
2.28 2.32 210
2.28 2.30 103
2.24 2.28 022
2.22 2.22 211
2.13 2.13 113
2.13 2.12 202
1.93 1.93 004
D 1.92 1.90 023
Ez} 1.88 1.89 220
" 1.87 1.88 030
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the second phase was of large cell (~ 4 A On a qualitative
basis the proportion of the second phase increased with increased
substitution of Sc ions.

The composition corresponding to La(Algp gScqp 2)03 after

sintering in Experiment #12 was used as meltstock in Experiment

#14 . With sintered meltstock the volatilization of charge is
minimized. Single phase material of rhombohedral symmetry with a i
lattice parameter of 3.86A was obtained. This data shows that Sc

can be incorporated in LaAlO3 and enlarge the lattice but will
not change the symmetry to cubic. The crystals showed orange in |

34 is expected

the fluorescence spectra. This may be because Ce
to show 1light green and ceb* yellow fluorescence. The high
concentration of dopant used may have converted some of the Ce to
the tetravalent state. The concentration of the dopant was
reduced in the charge from 1% to 0.05%.

When material corresponding to La(Alg 5Scp 5)03 was melted
and directionally solidified by HEM in Experiment #15, two phases
were observed in the structure, and the x=ray pattern was similar
to the solid-state synthesized material of the same composition.
This suggested that for Sc concentration between 20 and 50%, a

transition in structure may be possible. Therefore, a sample

corresponding to La(Alg 75Scg 75)03 composition was melted and

directionally solidified by HEM in Experiment =#17. X-ray
diffraction data on this sample showed a single phase cubic
structure with a unit cell size of 3.83 A. The data is shown in
Table 1IV.

Thin sections «cut out of the solidified material from
Experiment #19 corresponding to La(Alg 75S5cqy 25)03 composition
and lower dopant concentration showed translucency in the as-cut
sections. Samples were sent to ONR for evaluation. It was seen

that a blue fluorescence was observed in localized areas of a

fﬁ;, sample which was attributed to color centers in the sample.

; Another feature observed was that significant carbon

ix contamination was observed in the samples. This contamination
masked the structural as well as the optical properties. The

20
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“td TABLE IV. X-ray diffractlon data on sample corresponding to
:‘: La(Al, ,cSc) ,5)0, composition (a=3.832 A) A
£ ]
2oy
:::;
»e
-ﬁ: d d
::.' Intensity obs calc hkl
"‘:f.'.
52 3.84 3.832 100
h%) .
kX 100 2.72 2.710 110
5; 44 2.22 2.212 111 :
¥
0 62 1.92 1.916 200
- 18 1.71 1.714 210
3 34 1.57 1.564 211
2 12 1.35 1.355 220
K 12 1.28 1.277 300,221
d 12 1.21 1.212 310
)
b 7 1.159 1.155 311
N 4 1.109 1.1062 222
K. 4 1.063 1.0628 320
o 10 1.025 1.0241 321 \
o 4 0.955 0.9580 400 .
i“ 3 0.927 0.9294 410,322 !
W, 5 0.900 0.9032 411,330
- 3 0.879 0.8791 331 i
”; 5 0.855 0.8569 420 1
R 2 0.832 0.8362 421
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source of carbon is from the graphite resistance furnace and is
being transported wvia the vapor phase to the charge. Efforts
were made to improve the quality of the La(Algp 75S5cqp 25)03
crystals in Experiments 20 through 23. These samples exhibited a
range of fluorescence from orange to bluish white. The orange is

4+ and color

associated with Celt and blue to a combination of Ce
centers.

Two experiments (#26 and #27) were carried out to minimize

the carbon transport. An extension tube was added to the
crucible as shown in Figure 5. The charge after meltdown and
solidification still showed carbon contamination. In the second

experiment the extension tube was extended further to just below

the viewport, but carbon contamination was still observed. At a
temperature of - 2100°C, carbon contamination from a graphite
heat zone 1is a serious problem. Refractory metal furnaces
eliminate the carbon problems. However, they are designed to
operate wunder vacuum, but for LaAlO3 type compounds, it is

necessary to operate under pressure to prevent volatilization of
charge.

While simple perovskites usually show deviations from cubic

symmetry, it 1is also possible to achieve cubic structure by
ordering of ions. Based upon the tolerance factor and ionic
sizes of A and B ions a composition corresponding to

La(A10.33Sco_67)03 was selected to evaluate whether cubic
symmetry 1is achievable by ordering of Al and Sc ions.
Experiments #30 through #33 were —carried out using this
composition. X-ray analysis showed that the major phase was
orthorhombic with lattice parameters of a=5.61 A, b=5.67 A and
c=8.02 A with a minor phase which was cubic with a lattice
parameter of 3.85 A. These data are consistent with the cubic
lattice parameter obtained with La(A10'755c0_25)03 composition.
The rhombohedral structure of LaAlO3 can be enlarged with
the addition of Sc in the lattice based on the data obtained for
the La(Al)_,Scy,)03 system. The enlargement of the structure

reduces the deviations from ideal perovskite structure. At

22
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P
E§§ approximate value of x=0.25, single phase cubic structure can be
*3:’ obtained. For higher values of x, the structure changes to
orthorhombic and continues to enlarge in cell size until all the
;C, Al is replaced by the Sc ions.
::E: For an approximate composition of La(Alp 755cqp 25)03 single
l"-‘ phase cubic material can be produced; however, the composition
- range is narrow. These crystals should not exhibit twinning like
.::.::‘:fl the LaAlO3 composition because of absence of phase transitions.
:::::. Although single crystals were grown, the fluorescence spectra
::::: showed problems with color centers. The quality of the crystals
could not be improved because of carbon contamination from the
_;,-' existing furnaces. Crystal growth at about 2100°C under argon
’E‘{: atmosphere is very difficult with commercially available
N
o refractory metal furnaces.
.’;. 3.2 Achievement of Cubic Symmetry in Other Perovskites,
*3-1 After an initial emphasis on the Ce:La(Al,Sc)03 system
:&m’ described above, efforts were made to identify other perovskite
i oxides which could lead to a cubic symmetry. If cubic symmetry
,j‘_::. is achieved at room temperature, then phase transitions will be
.‘ eliminated. With such matexials, single crystal growth can be
“'.'-'. carried out and twinning and cracking problems will not be
) encountered. A number of mixed oxide perovskites were evaluated
:‘{‘? using this approach.
oy
::':. 3.2.1 Correlation of Tonic Size and Tolerance Factor
LaAl03 exhibits a typical ABO3 type perovskite structure.
::"; While none of the A3+B3+03 type compounds have the "ideal" cubic
"::::\ perovskite structure, the rhombohedral form of LaAl0O3 is only a
:;\:" : slight distortion from the cubic structure. Partial
e substitutions of A and/or B ions in some perovskite compounds
E‘;;: have led to the formation of cubic structures. For example,
! :.-i: LaCo0q exhibits a rhombohedral st:ructure22 ’ 23; however,
: Lap g5rg 5Co03 shows a cubic structurel4.25 Similarly, BaCeO4
, is orthorhombic26, but BaCegy s5Up 503 1is cubic27. Substituted
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32: perovskites usually show ordering of the A and/or B ions and lead

ié; to the formation of a larger wunit cell size with a cubic
structure.

l;;: Ordering of the ions takes place when there 1is a large

;ﬁ difference in their charge or size. The range of ionic size that

.;ﬂ can form the perovskite structure is governed by the Goldschmidt

e tolerance factor, t. This factor for oxides is given by

t = (Ry + Rg)/YZ (R + Rg)

;f where Rp, Rp and Ry are the radii of the A, B and oxygen ions,
“ﬁg respectively. The perovskite structure is stable within the

range of 0.75 < t < 1.00 with t lying between 0.8 and 0.9 in most
R
Q ; Using LaAlO3 as a host lattice and partial substitution of
hg. Al with Sc, the tolerance factor for La(Alj_,Scy)03 changes from

- 0.9302 for x = 0 to 0.8167 for x = 1, The experimental work
:;: described above shows that for this system, when x = 0.25, a
:f: cubic structure may be formed. For this compound t = 0.8990.
fE;Z Other suitable substitutions for La and Al are Gd and Ga,

i respectively. Literature values of the ionic radii of different ;
?ﬁg ions are shown in Table V. Tolerance factor calculations for %
;E various systems with substitution for La or Al, as well as both :
:ﬁ. La and Al, are shown in Table VI. It can be seen that the four
1 systems indicated show a wide range of t values with all values
':J being in the range of Goldschmidt criterion for formation of
kis perovskite structure.

:;ﬁ The cubic structure is formed because of ordering when there

] is a difference in valence or 1ionic size. In the systems
Eﬁ; discussed, ordering because of valence difference is not expected
,{y because all cations are trivalent. The difference in ionic sizes
yﬁg to achieve ordering for 3:he sﬁ3+53+03 system is not known;

however, a study12 of Ba(MO 5

the critical percentage difference in jonic radii between B ions

NbO S)03 type compounds showed that

Yy which causes ordering lies between 7% and 17%. Calculations for
3%

L%ﬂ La, Gd and Al,Ga systems show that the percentage difference in

ioni .adii is 17.5 and 12.7%, respectively.

TR

Y "c

::: 25

%, *:

R e I T e e T i e R T S T T T L
et ‘\r\)\ \. .(-\.i__.i "y AN N -r\,‘_.r
PIP S, s A . AT A 5 Bt A S .

g




e N dad o a Ao o e ML 4 0 A g

3+

+
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N TABLE VI. Tolerance factor, t, calculations of various perovskite
. structures using ionic radii in Table II.

b
Y3
W System tolerance factor, t

Th ) =0 x=0.5 x
0 y=0.5 y=1.

%
O La(All_xScx)O3 0.9302 0.8697 0.8167
,: La(All_xCax)O3 0.9302 0.9131 0.8966

(La Gdy)AlO 0.9302 0.898 0.8659

3
Gd )(Al., Ga )O 0.9302 0.8816 0.8347
y 1-xx" 73
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%S: Another advantage of these substituted compounds {is that
kﬁ- they are expected to have lower melting points. This will
facilitate crystal growth and make it easier to retain Ce dopant
‘}L. in the trivalent state necessary for blue-green luminescence.
-E; This approach utilizes only trivalent 1ions and tends to
»3: facilitate keeping Ce in trivalent state.
' Another approach is to utilize partial replacement of A ions
\gi_ with divalent ions and B ions with tetravalent ions. With this
%ﬁz approach ordering may be achieved by differences in ionic sizes
A%i: as well as charges on the 1ions. It may also be possible to
A obtain cubic symmetry without the ordering when multi-valent ions
.;ﬁ are used. For these purposes, mixtures of A3+B3+03 with BaZrOj
.Ei and SrZr03 were evaluated because these 1ions do not exhibit
.;ﬁ multi-valence state and therefore are not expected to form Cel+
- state for the dopant.
:;f 3.2.2 Crystal Growth of Other Perovskite Compounds by HEM
~%F In Experiments #34 through #36 achievement of cubic
il structure by ordering of A ions in the composition (Laj_x6d4)Sc03
iﬁ, system with x = 0.25 and 0.5 was investigated. The cubic phase
1;$. was not obtained and the major phase was identified as
,?g orthorhombic with lattice parameter of a = 5.766, b = 7.980 and ¢
| - 5.523 A for #34.
Composition Gd(Alo'SSco_5)03 in Experiment #38 also did not
}::“: yield the cubic phase. Ga substitution in the B site was not
;1: attempted Dbecause of the formation of Gaj0 wunder reducing
conditions and problems with maintaining stoichiometry.
ii In Experiments #37 and #6460, a 50:50 mixture of BaZr0O3 with
é; LaSc0O3 and LaAlOg, respectively, were attempted. In both cases,
i; cubic enlarged cell expected from ordering was not observed.
= Similar results wvere achieved in Experiment #47 with
{ﬁ% (LaAl03) 5(SrZr03)(p 5 composition.
':3 Small additions of BaZr0O3 to LaAlO3 were evaluated for
t}i (LaAl0O3)1.4(BaZr03), for x = 0.02 and 0.05 in Experiments #39,
1:, ®#42,  and ®»46 . It was observed that for x = 0.05, the major phase
v
o 28
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was cubic, and for x = 0.02, nearly all the material showed cubic
structure with a, = 3.81A. Traces of La(OH)3 were also observed
in the x-ray pattern. Similar results were also achieved when
SrZr03 was added to LaAlOj. The bluish-green crystals grown are
not expected to exhibit blue-green fluorescence. Ce:BaZr0O3 did
not exhibit any fluorescence.

The results of investigations of other perovskites have
shown that in the compositions evaluated, enlarged cubic cells
could not be formed by ordering. Small additions of less than 5%
of BaZr03 or SrZr03 to LaAlO3 produced cubic symmetry which
should allow growth of twin-free crystals. The crystals grown

did not exhibit blue-green fluorescence.

3.3 Evaluation of Low Melting Point Hosts

LaAlO3 appears to be an appropriate host for ce3* for blue-
green laser applications. However, because of phase transitions,
twin-free crystals cannot be grown. Suitable additions to LaAlOj
can be made to transform the structure to cubic phase which will
eliminate the phase transitions. However, the crystal growth
conditions required cannot be easily achieved with available
equipment. An evaluation was made of lower melting point host
materials which could be grown as single crystals.

For these purposes, efforts were made to grow Ce-doped
crystals of GdpSiOg and LaySiOg. These samples were sent to ONR
for fluorescence measurements toward the end of the experimental
program, but data was not obtained.

A sample of Pr:KMgYiFjy, obtained from Airtron was also
directionally solidified by HEM and sample sent to ONR.

Recent interest in Cr,Nd:Gd3ScpAl30;5 (GSAG) laser crystals
prompted interest 1in evaluation of Ce:GSAG crystals. Yellow

crystals approximately cm size were grown by HEM and evaluated at

the Naval Research Laboratory. It was observed?8 that emission
varied with the pump wavelength. Three fluorescence peaks
centered at 380, 485, and 795 nm were observed. The fluorescence

spectra of Ce:GSAGC with an excitation at 365 nm is shown in
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;:: Figure 6. While this material showed interesting results, the
:fi fluorescence data was received after the end of the experimental

program, In order to further evaluate the laser performance of
- this crystal, it would be necessary to grow improved quality
: crystals using higher purity starting materials.
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:ﬁ 4,0 Conclusions

}3' Ce:LaAlO3 offers promise as a solid state laser crystal for

'i communication under seawater. The phase transition at 435° C for

'i LaAlO3 does not allow growth of high quality crystals. Initial

o emphasis of the program was on making suitable additions to the

‘i LaAlO3 in order to achieve a cubic perovskite structure which

‘ eliminates the phase transition. A composition of

ii La(Alg 75Scgp 25)03 was identified as cubic; however, high quality X

: crystals could not be grown because of difficult crystal growth

:$ parameters which could not be obtained with available equipment.

) Two other compositions - (LaO_QBBaO,OZ)(A10.982rO 02)03 and

:%‘ (LaO.985r0.02)(A10.982r0.02)03 - were also produced with cubic t

E structure. Since Ba containing compound may exhibit quenching of ;

:E fluorescence, the Sr compound may be useful for solid state laser :
applications. These bluish-green crystals are not expected to

g show fluorescence in the blue-green spectral region.

; In order to develop other crystals with lower melting point,

t&% an effort was also placed on Ce:GdySiOg, Ce:LaygS5i0g5 and
Pr:KMgY3Fq,. These samples were delivered to ONR for evaluation

.& of fluorescence.

:i Ce:Gd35c9A13079 (Ce:GSAG) crystals were also grown by HEM.

f: These crystals offer promise for solid state laser applications: .
however, it is necessary to grow improved quality crystals for

'ﬁ evaluation of laser performance. .
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